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ABSTRACT
We present a distance determination to the Small Magellanic Cloud (SMC) based on an analysis
of four detached, long period, late type eclipsing binaries discovered by the OGLE Survey. The
components of the binaries show negligible intrinsic variability. A consistent set of stellar parameters
was derived with low statistical and systematic uncertainty. The absolute dimensions of the stars are
calculated with a precision of better than 3%.
The surface brightness - infrared color relation was used to derive the distance to each binary. The
four systems clump around a distance modulus of (m−M) = 18.99 with a dispersion of only 0.05
mag. Combining these results with the distance published by Graczyk et al. for the eclipsing binary
OGLE SMC113.3 4007 we obtain a mean distance modulus to the SMC of 18.965 ± 0.025 (stat.) ±
0.048 (syst.) mag. This corresponds to a distance of 62.1 ± 1.9 kpc, where the error includes both
uncertainties. Taking into account other recent published determinations of the SMC distance we
calculated the distance modulus difference between the SMC and the LMC equal to 0.458 ± 0.068
mag. Finally we advocate µSMC = 18.95± 0.07 as a new ”canonical” value of the distance modulus
to this galaxy.
Subject headings: binaries: eclipsing — galaxies: individual (SMC) — stars: late-type
1. INTRODUCTION
The Small Magellanic Cloud (SMC) is a dwarf irregu-
lar galaxy connected by a hydrogen gas and stellar bridge
to the Large Magellanic Cloud (LMC). Both are nearby
satellites of our Milky Way galaxy and because of this
proximity they are ideal environments within which to
study stellar populations and to calibrate many different
stellar standard candles. The SMC is more metal-poor
than the LMC, and this provides an important opportu-
nity to check on the metallicity dependencies of the dif-
ferent standard candles used in distance scale work. This
makes the SMC very important in establishing a precise
distance scale despite its complicated geometrical struc-
ture and larger extension in the line-of-sight compared to
the LMC. For these reasons, the SMC has played an im-
portant role in our Araucaria Project (Gieren et al. 2005)
whose main goal is to produce a significantly improved
calibration of the extragalactic distance scale.
For almost a decade we have been observing late-type
eclipsing binary systems in both Magellanic Clouds, sys-
tems which have a particularly strong potential to derive
precise distances these galaxies (Pietrzyn´ski et al. 2009;
Graczyk et al. 2012). Recent observations have proven
this potential: analysis of eight binaries in the LMC has
led to a distance to the LMC accurate to 2.2%, more
accurate than any other previous determination of this
fundamental parameter (Pietrzyn´ski et al. 2013). Here
we extend this work to a measurement of the distance
to the SMC using the same method, leading in addi-
tion to a better knowledge of the geometrical structure
of this galaxy. From our studies of late-type detached
eclipsing binary systems in the SMC and LMC we also
expect to improve on the determination of the astrophys-
ical parameters of red giant stars and Cepheid variables
(Pietrzyn´ski et al. 2010; Pilecki et al. 2013).
The advantage of using detached late type systems
over those containing early type stars comes from uti-
lizing well determined empirical surface brightness re-
lation (e.g. the Barnes-Evans relation in the optical)
derived for late type stars from interferometric mea-
surements (e.g. Barnes & Evans (1976), Kervella et al.
(2004), di Benedetto (2005)). The main points are well
summarized by Lacy (1977): ”The distances are derived
without assumptions about luminosity class or effective
temperature, and are ultimately based only on geometri-
cal factors. That means that the only source for system-
atic error should be from the Barnes-Evans calibration
and this is the place where we expect the most significant
improvement will occur. Another wirtue is that for stars
later than A0 the Barnes-Evans distance is essentially
independent of reddening.”
The paper is organized as follows. In Section 2 we de-
scribe photometric and spectroscopic observations, Sec-
tion 3 gives details of our method, Section 4 contains a
description of model solutions for individual binaries. In
section 5 we present a distance determination to the SMC
and Section 6 is devoted to a discussion of our results.
2. OBSERVATIONS AND DATA REDUCTION
2Basic data on our four eclipsing binary systems are
given in Table 1. Their position within the body of
the SMC is presented in Fig. 1. With the excep-
tion of SMC130.5 4296 our targets were discovered by
Udalski et al. (1998) and confirmed to be eclipsing bi-
naries by Wyrzykowski et al. (2004). Optical photom-
etry in the Johnson-Cousins filters was obtained with
the Warsaw 1.3 m telescope at Las Campanas Observa-
tory in the course of the second, third and fourth phase
of the OGLE project (Udalski et al. 1997; Udalski 2003;
Soszyn´ski et al. 2012). We secured 5314 I-band measure-
ments (over 1000 per system) and 391 V-band measure-
ments (over 70 per system) for five eclipsing binaries.
Because of the long orbital periods consecutive epochs
were taken usually on different nights. The time span of
the I-band observations is 5684 days. The raw data were
reduced with the image-subtraction technique (Woz´niak
2000; Udalski 2003) and instrumental magnitudes were
calibrated onto the standard system using Landolt stan-
dards.
Near-infrared photometry was collected with the ESO
NTT telescope on La Silla, equipped with the SOFI
camera (PI: Pietrzyn´ski). The setup of the instru-
ment, reduction and calibration of the data onto the
UKIRT system were essentially the same as described
in Pietrzyn´ski et al. (2009). We collected at least 10
epochs of infrared photometry for every our target out-
side eclipses. The transformation of our photometry onto
the Johnson system was done using the equations given
by Carpenter (2001) and Bessell & Brett (1988). The
whole multiband photometry is presented in Table 2.
High resolution echelle spectra were collected with the
Clay 6.5 m telescope at Las Campanas, equipped with
the MIKE spectrograph and with the 3.6 m telescope in
La Silla, equipped with the HARPS spectrograph. We
used a 5×0.7 arcsec slit with MIKE giving a resolution of
about 40000. In the case of HARPS we used the EGGS
mode giving a resolution of about R∼80000. The typical
S/N at ∼5300 A˚ was about 20 and 6 for the MIKE-Red
part and HARPS spectra, respectively, and about 12 at
∼4700 A˚ for the MIKE-Blue part spectra.
In order to determine radial velocities of the system’s
components we employed the Broadening Function (BF)
formalism introduced by Rucinski (1992, 1999). Ra-
dial velocities were derived using the RaveSpan soft-
ware (Pilecki et al. 2012) using numerous metallic lines
in the wavelength regions 4125-4230, 4245-4320, 4350-
4840, 4880-5000, 5350-5850, 5920-6250, 6300-6390, 6600-
6800 A˚. As templates we used synthetic spectra with
[Fe/H]=−0.5 from a library computed by Coehlo et al.
(2005). The templates were chosen to match the atmo-
spheric properties of the stars in a grid of Teff and log g.
The resulting velocities are presented in Table 3. We
calculated instrumental shifts taking into account resid-
ual radial velocities from our best models. They are:
MIKE-RED−MIKE-BLUE= +3± 85 m s−1 and MIKE-
BLUE−HARPS= +48± 114 m s−1. We concluded that
there is no significant systematic shift in radial velocities
from spectra taken by HARPS and MIKE spectrographs.
In the analysis we included separately radial velocities
from both the blue and red sides of MIKE, effectively
including the MIKE velocities at twice the weight of the
HARPS velocities. The reason is that the MIKE spectra
Figure 1. The positions of the eclipsing binaries within the
SMC. North is up, east on the left. The filled circles denote four
systems from this paper and one system previously analyzed by
Graczyk et al. (2012) on upper left - SMC113.3 4007. The open
circles represent three additional systems for which the analysis is
not yet finished.
usually have significantly better S/N compared to the
HARPS spectra.
3. MODELING APPROACH
The light and radial velocity curves were analyzed us-
ing the Wilson-Devinney (hereafter WD) program, ver-
sion 2007 (Wilson & Devinney 1971; Wilson 1979, 1990;
van Hamme & Wilson 2007). We follow a methodology
of analysis as described in Graczyk et al. (2012) and the
Supplementary Information section of Pietrzyn´ski et al.
(2013). Here we give some additional details of our ap-
proach. The analysis can be divided into ”preliminary”
and ”final” steps. During the ”preliminary” analysis we
use all light curves, radial velocities, infrared colors and a
first estimation of the reddening to set initial constraints
on model parameters and to find a preliminary solution.
This solution is used to disentangle the spectra. In the
”final” analysis we add information from spectral disen-
tangling to improve input model parameters and derive
the final solution.
3.1. Parameter Choice
The orbital periods were calculated with the string-
length method (Lafler & Kinman 1965, Clarke 2002).
The phased light curves were inspected visually to set a
preliminary epoch of the primary minimum and to ver-
ify the photometric stability of the systems - a lack of
spots, flares, the O’Connell effect (O’Connell 1951) - at
the precision level of our photometry.
The effective temperature of the primary component of
each system (eclipsed during minimum at orbital phase
0) was estimated as follows. We determined the inter-
stellar extinction in the direction of our targets using
Haschke et al. (2011) reddening maps - see Section 3.5.
Average out-of-eclipse magnitudes were calculated from
all observations taken outside photometric minima. In
the case of the two systems showing proximity effects
between eclipses we used magnitudes only around both
quadratures. All out-of-eclipse V-band magnitudes and
(V −I) colors are presented in Table 1. These magni-
tudes were dereddened using the interstellar extinction
3Table 1
The target stars
OGLE ID RA Dec V V − I V −K J −K Pobs
h:m:s deg:m:s mag mag mag mag d
SMC101.8 14077 00:48:22.70 -72:48:48.6 17.177 0.935 2.099 0.489 102.90
SMC108.1 14904 01:00:18.10 -72:24:07.1 15.205 0.963 2.194 0.556 185.22
SMC126.1 210 00:44:02.68 -72:54:22.5 16.771 1.249 2.941 0.765 635.00
SMC130.5 4296 00:33:47.90 -73:04:28.0 16.783 1.207 2.788 0.754 120.47
Note. — Given are coordinates, observed magnitudes, colors and orbital periods. Identifica-
tion numbers are from the OGLE-III database (Udalski 2003).
Table 2
The photometry of target systems
Name Band HJD Mag Err
HJD-2450000 mag mag
smc101 I 621.80276 16.228 0.010
smc101 I 622.87983 16.235 0.008
smc101 I 624.90639 16.252 0.008
smc101 I 625.89383 16.265 0.008
smc101 I 626.86536 16.258 0.008
smc101 I 627.85158 16.252 0.008
Note. — This table is avalaible entirety in
machine-readable format in the online journal. A por-
tion is shown here for guidance regarding its form and
content.
law given by Cardelli et al. (1989) and O’Donnell (1994)
and assuming RV = 3.1.
To set the effective temperature scale of each system
we ran the WD code initially assuming a temperature
of T1 = 5000 K for the primary and [Fe/H]= −0.5.
The resulting luminosity ratios in the V, I and K bands
were combined with dereddened magnitudes to calcu-
late first guesses for the intrinsic (V − I) and (V −K)
colors of both components. Then we utilized several
calibrations between colors and effective temperatures
(di Benedetto 1998; Alonso et al. 1999; Houdashelt et al.
2000; Ramı´rez & Mele´ndez 2005; Masana et al. 2006;
Gonza´lez H. & Bonifacio 2009; Casagrande et al. 2010;
Worthey & Lee 2011) to set new temperatures for the
primaries. We iterated these steps until new derived
temperatures changed by less than 10 K. The resulting
effective temperatures were used in the ”preliminary” so-
lution.
We estimated rotational velocities of the components
from a Broadening Function analysis. Rotation in all
cases is consistent with synchronous rotation, thus we
set the rotation parameter F = 1.0 for both com-
ponents. The albedo parameter was set to 0.5 and
the gravity brightening to 0.32, both values appro-
priate for a cool, convective atmosphere. The limb
darkening coefficients were calculated internally by WD
code (setting LD=−2) according to the logarithmic law
(Klinglesmith & Sobieski 1970) during each iteration of
the Differential Correction (DC) subroutine using tabu-
lated data computed by van Hamme (1993).
As free parameters of the WD model we chose the or-
bital period Pobs, the semimajor axis a, the orbital ec-
centricity e, the argument of periastron ω, the epoch of
the primary spectroscopic conjunction T0, the systemic
radial velocity γ, the orbital inclination i , the secondary
star average surface temperature T2, the modified surface
potential of both components (Ω1 and Ω2), the mass ra-
tio q, and the relative monochromatic luminosity of the
primary star in two bands (L1V and L1I).
3.2. Fitting Procedure
For each star we simultaneously fitted the I-band and
V-band light curves and the two radial velocity curves
using the DC subroutine from the WD code. The de-
tached configuration (Mode 2) was chosen during all the
analyses and a simple reflection treatment (MREF=1,
NREF=1) was employed. A stellar atmosphere formula-
tion was selected for both stars (IFAT=1). Level depen-
dent weighting was applied (NOISE=1) and curve de-
pendent weightings (SIGMA) were calculated after each
iteration. The grid size was set to N=40 on both compo-
nents. We did not break the adjustable parameters set
into subsets, but instead we adjusted all free parameters
at each iteration.
For each system we used information obtained from
spectroscopy to derive the relative intensity of absorption
lines of both components from the MIKE spectra. We
treat these as approximate light ratios in the blue and
red part of the optical spectra. These light ratios are
reported in Table 4. We do not use them to fix light
ratios in our models, however, but use them to rule out
alias solutions and to verify if the light curve solution is
consistent with the spectroscopy.
3.3. Spectral disentangling
To constrain the important input parameters of the
eclipsing binary components we decided to disentangle
the spectra of the individual components and carry out
an abundance analysis. The most important parame-
ter is the effective temperature of each component which
scales the luminosity ratio of the components and the
limb darkening coefficients. Also, by calculating the in-
trinsic (V −I) colors from the derived temperatures, we
can estimate the reddening of each system.
We used the prescription given by Gonzales & Levato
(2005) to disentangle individual spectra of the binary
components. The method works in the real wavelength
domain. It requires rather high signal to noise ratio spec-
tra to work properly and thus we were restricted to using
only the red MIKE spectra. The red MIKE spectra were
shifted and stacked using the radial velocities found by
using the Broadening Function as described in the pre-
vious section. No initial secondary spectrum was used
in the disentangling. The range of wavelength used was
from 4960 A˚ to 6800 A˚ where numerous FeI and FeII
lines are present. We emphasise that we do not use the
disentangled spectra to derive new radial velocities be-
4Table 3
The radial velocities measurements
Name HJD RV1 Err1 RV2 Err2 Instrument
HJD-2450000 km s−1 km s−1 km s−1 km s−1
smc101 4328.78143 224.764 0.300 153.453 0.300 MIKE-Red
smc101 4328.78161 224.407 0.300 153.465 0.300 MIKE-Blue
smc101 4329.81804 225.409 0.300 152.038 0.300 MIKE-Blue
smc101 4329.81804 225.577 0.300 151.729 0.300 MIKE-Red
smc101 4395.57940 150.271 0.300 221.691 0.300 HARPS
smc101 4424.58869 212.609 0.300 163.422 0.300 MIKE-Blue
Note. — This table is avalaible entirety in machine-readable format in the online
journal. A portion is shown here for guidance regarding its form and content.
Table 4
The intensity ratios
ID Blue (∼ 4500 A˚) Red (∼ 6000 A˚)
SMC101.8 14077 1.37± 0.05 1.61± 0.05
SMC108.1 14904 0.66± 0.02 1.00± 0.02
SMC126.1 210 0.95± 0.02 0.91± 0.02
SMC130.5 4296 2.1± 0.1 2.6± 0.3
Note. — The relative strengths of the absorption lines of
the secondary with respect to those of the primary.
cause they always give higher dispersion than synthetic
templates. The reason is that the relatively low S/N ra-
tio of our disentangled spectra reduces the accuracy of
radial velocity measurements.
The disentangled spectra have to be renormalized in
order to account for the companion’s continuum which
dilutes the depth of the absorption lines. If the light ra-
tio of the secondary to the primary component at a given
wavelength is k(λ) = L21(λ) then we subtract a value
k/(1+k) from the disentangled spectrum of the primary
(corresponding to the secondary flux) and we again nor-
malize the final spectrum. In the case of the secondary
spectrum we subtract 1/(1 + k). Here two things must
be emphasized: 1) the choice of a proper normalization
level before disentangling and 2) the choice of a proper
model of a system to calculate an appropriate light ratio
function L21(λ). Regarding the first point, all spectra
have to be normalized and for high S/N spectra the level
of normalization is simply the mode value. In the case of
lower S/N spectra like those obtained for our binaries in
the SMC, the level of normalization is a bit ambiguous
and usually we set it to a value of ∼90 percentile.
Regarding the second point, we must be aware that
there is a large number of possible model solutions to
the observed light and radial velocity curves. A model
which is the best i.e. it minimizes the residua of synthetic
fits does not always predict light ratios in agreement with
spectroscopic light ratios. This is because our data have
limited S/N ratio and because an optical depth were ab-
sorption lines are formed is usually different from an op-
tical depth at which we observe stellar photosphere. If
we use an ”improper” model for a system to predict the
spectroscopic light ratios, the resulting absorption line
depths in the disentangled spectra are invalid. An easy
way to notice an inappropriate model is to check if the
absorption line bottoms in the renormalized spectrum of
the primary or the secondary are below zero, which is a
level signifying an unphysical model. Another check is
based on a comparison of equivalent widths of the same
absorption lines in both components. Usually the hot-
ter component should have lines with smaller equaivalent
widths. However such a comparison is not unique be-
cause components of the same binary may have different
abundances (Folsom et al. 2010). Finally, we can calcu-
late the equivalent width ratios for the components for
the same lines and determine that this ratio is not wave-
length dependent. We expect that for realistic models,
this ratio is approximately constant within the spectral
range of disentangling.
3.4. Atmospheric parameters analysis
Atmospheric parameters and the iron content were ob-
tained from the equivalent widths (EWs) of the iron spec-
tral lines. See Marino et al. (2008) for a more detailed
explanation of the method we used to measure the EWs
and Villanova et al. (2010) for a description of the line
list that was used. We adopted log ǫ(Fe) = 7.50 as the
solar iron abundance.
Atmospheric parameters were obtained in the following
way. As a first step, model atmospheres were calculated
using ATLAS9 (Kurucz 1970) assuming as initial estima-
tions for Teff , log g, and vt values typical for giant stars
(4800 K, 2.00 dex, 1.80 km s−1), and [Fe/H]= −0.8 dex
as a typical value for young stars in the SMC (Dias et al.
2010).
Then Teff , vt, and log g were adjusted and new atmo-
spheric models calculated in an interactive way in order
to remove trends in excitation potential (EP) and EWs
versus abundance for Teff and vt, respectively, and to
satisfy the ionization equilibrium for log g. FeI and FeII
were used for this purpose. The [Fe/H] value of the model
was changed at each iteration according to the output of
the abundance analysis. The local thermodynamic equi-
librium program MOOG (Sneden 1973) was used for the
abundance analysis.
The derived atmospheric parameters for the eclipsing
binary components are given in Table 5. For all systems
with the exception of SMC101.8 14077 we manage to cal-
culate parameters for both components. For SMC101.8
14077 the iron lines of the primary are too weak to carry
out an abundance analysis. Our measurements of abun-
dance are consistent with each component in a binary
having the same abundance. The typical accuracy of the
parameters are 75 K, 0.4 dex, 0.15 dex and 0.3 km s−1
for Teff , log g, [Fe/H] and vt, respectively.
3.5. Reddening
5Table 5
Atmospheric parameters
Property SMC101-8-14077 SMC108-1-14904 SMC126-1-210 SMC130-5-4296
Primary Secondary Primary Secondary Primary Secondary Primary Secondary
Teff (K) - 5080 5350 5200 4500 4540 5050 4420
log g (cgs) - 1.20 0.40 2.20 1.45 1.10 2.45 1.75
[Fe/H] - -1.01 -0.95 -0.64 -0.94 -0.79 -0.77 -0.99
vt (km s−1) - 1.95 3.50 2.40 1.60 1.79 1.67 2.08
Table 6
Reddenings from the Na I D1 line
ID Galactic component SMC component Total
Vr Eqv. E(B−V ) Vr Eqv. E(B−V ) E(B−V )
(km s−1) (A˚) (mag) (km s−1) (A˚) (mag) (mag)
SMC101.8 14077 21 0.155 0.049 148 0.091 0.029 0.078
SMC108.1 14904 10 0.171 0.055 129 0.095 0.030 0.085
SMC126.1 210 13 0.235 0.084 − − − 0.084
SMC130.5 4296 6 0.118 0.037 107 0.082 0.026 0.063
Table 7
Color Excess E(B−V )
ID Haschke Na I D1 Atmosphere Adopted
(mag) (mag) (mag) (mag)
SMC101.8 14077 0.076 0.078 0.046 0.067
SMC108.1 14904 0.087 0.085 0.107 0.093
SMC126.1 210 0.060 0.084 0.097 0.080
SMC130.5 4296 0.072 0.063 0.101 0.079
The interstellar extinction in the direction to each of
our target stars was derived in three ways. First, we
utilized Magellanic Cloud reddening maps published by
Haschke et al. (2011). We calculate an average E(V −I)
value from all of the reddening estimates within a 2 arc
min radius of our stars and divided this average by a fac-
tor of 1.28 to get a (B−V ) color excess for each system.
We then added ∆E(B−V )= 0.037 mag, the mean fore-
ground Galactic reddening in the direction of the SMC as
derived from the Schlegel et al.(1998) maps. The second
column of Table 7 gives the resulting reddening to each
eclipsing binary. These were used to set the temperature
scale of each system and to derive the ”preliminary” so-
lution (see Section 3.1).
The second method is based on a calibration of the
equivalent width of the interstellar Na I D1 line (5890.0
A˚) and reddening (Munari & Zwitter 1997). The calibra-
tion works best for relatively small values of reddening,
E(B−V )< 0.4 mag. Figure 2 presents the spectrum of
SMC101.8 14077 around the sodium doublet. Narrow in-
terstellar absorption lines from the Galaxy and the SMC
can be identified together with wider stellar absorption
from both stars. We separately measured the equiva-
lent widths of both interstellar components and derived
the reddening for each. The results for all our stars is
presented in Table 6. In the system SMC126-1-210 we
could not detect any SMC component of the Na I D1 line
because of strong blending with stellar lines.
The final method uses the effective temperatures we
derived from the atmospheric analysis described in Sec-
tion 3.4. From the effective temperature - (V −I) color
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Figure 2. The MIKE spectrum of SMC101.8 14077 in the region
of the Na I lines (5890.0, 5895.6 A˚) taken close to the third orbital
quadrature. Narrow absorption lines arise from galactic (GAL) and
SMC (SMC) interstellar matter. The stellar lines of the primary
(P) and secondary (S) are also denoted.
calibrations of Houdashelt et al. (2000) and Worthey
& Lee (2011) we estimated the intrinsic (V − I) colors
of each component. These colors were compared with
the observed colors of the components obtained from the
preliminary solution to directly derive E(V −I) color ex-
cesses. The reddening to each system was calculated as
the mean value of the two components with the exception
of the system SMC101.8 14077 where we have at our dis-
posal a reddening estimate from only the secondary star.
Each of the three methods has an accuracy of approx-
imately 0.03 - 0.04 mag. We calculated an average red-
dening for each system from the three estimates, and
used this new reddening estimate to update the temper-
ature scale of the components. We then calculated new
models and repeated the reddening derivation using the
third method. The fourth column of Table 7 gives the
reddening estimates after two such iterations. The fifth
column presents the adopted E(B−V ) for each system
as used in the ”final” solution. We assigned a statistical
error of 0.02 mag and an additional 0.02 mag systematic
error for each estimate of the reddening.
4. ADOPTED SOLUTIONS
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Figure 3. The radial velocity solutions to four eclipsing binaries in the SMC. Filled circles correspond to the velocities of the primaries. The
continuous line is the synthetic fit from the WD analysis. Distortions near the photometric eclipses are caused by the Rossiter-McLaughlin
effect. The dashed lines signify the systemic velocities.
After the last reddening estimate we set the tempera-
ture of the primary in the way described in Section 3.1
and we then recalculated all of the models. We call these
the ”basic” set of models. The temperature scale consis-
tency of each eclipsing binary was checked by computing
the distance to each system resulting from a scaling of
the bolometric flux observed at Earth. To calculate the
bolometric corrections we used an average from several
calibrations (Casagrande et al. 2010; Masana et al. 2006;
Alonso et al. 1999; Flower 1996). These distances were
then compared to the distances computed with a surface
brightness - color relation. In all cases both estimates
of the distances agree within the errors, thus confirming
the proper temperature scales.
Finally we computed three additional sets of models
by adjusting: 1) the four coefficients of the linear law of
limb darkening (LB=+1) for both stars and both light
curves, 2) the third light l3 in two bands, and 3) the third
light and linear coefficients of limb darkening together -
six more free parameters. We compared the model basic
set with these new sets to find the physical model with
the lowest reduced χ2r . Models with unphysical values
of the third light (l3 < 0) and/or with very high limb
darkening coefficients (x>1.1) were excluded even if they
produced a better formal fit with lower χ2r . Table 8 lists
the parameters of the best model for each system. The
quoted uncertainties are errors calculated with the DC
routine. The quantity Porb signifies the rest frame orbital
period.
Solutions to the radial velocity curves are presented
in Fig. 3. The I-band and V-band light curve solutions
are presented in Figures 4 and 5, respectively. Figure 6
shows some details of the shapes of the eclipses. The
absolute dimensions are reported in Table 9. These were
calculated following Graczyk et al. (2012) adopting the
same values for physical constants. The spectral type of
each component was estimated according to its effective
temperature using a calibration by Alonso et al. (1999).
We now comment on individual systems and particular
model solutions.
4.1. SMC101.8 14077
This variable star is the faintest and bluest analyzed
in this paper. The best solution for this system was ob-
tained with a third light contribution included. If we
assume that the presence of the third light is real and
is not connected with some imperfections in the abso-
lute calibration of the OGLE photometric data then this
suggests the presence of a red companion or a blended
star with an almost negligible contribution to the optical
portion of spectrum. Indeed we could not detect any ad-
ditional source of absorption lines in our spectra. For the
purpose of the determination of the distance we assumed
that the third light contribution in the K-band is at least
equivalent to that in the I-band. The uncertainty in the
amount of third light in the K-band is the largest source
of statistical error of the absolute stellar radii and the
distance determination to the system.
This eclipsing binary has the identifier SC4 192903
in OGLE-II database. It was previously analyzed by
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Figure 4. The I-band light curve solutions to four eclipsing binaries in the SMC.
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Figure 5. The V-band light curve solutions to four eclipsing binaries in the SMC.
8Table 8
Model parameters from the Wilson-Devinney codea
Parameter SMC101.8 14077 SMC108.1 14904 SMC126.1 210 SMC130.5 4296
Orbital param.
Pobs (days) 102.8984 ± 0.0003 185.2176 ± 0.0017 634.999 ± 0.009 120.4681 ± 0.0009
T0 (HJD-2450000) 2818.913 ± 0.006 641.081 ± 0.010 2858.30 ± 0.04 2052.976 ± 0.009
a sin i (R⊙) 163.69± 0.47 277.61 ± 0.45 464.35 ± 1.90 157.10± 0.40
q = M2/M1 1.0404 ± 0.0062 1.0028 ± 0.0030 0.9971± 0.0078 0.9736 ± 0.0048
γ (km s−1) 187.76± 0.11 178.42 ± 0.07 104.82 ± 0.08 148.70± 0.09
e 0 0 0.0422± 0.0018 0
ω (deg) 90 90 54.4± 1.7 90
Photometric param.
i (deg) 88.04 ± 0.23 78.87± 0.10 86.92± 0.09 83.09 ± 0.13
T2/T1 0.9269 ± 0.0014 0.8701 ± 0.0054 1.0065± 0.0009 0.9194 ± 0.0055
r1 0.1093 ± 0.0012 0.1660 ± 0.0016 0.0936± 0.0011 0.1608 ± 0.0012
r2 0.1458 ± 0.0012 0.2265 ± 0.0014 0.0839± 0.0016 0.2908 ± 0.0015
(L2/L1)V 1.205± 0.010 0.928 ± 0.013 0.838± 0.016 1.939± 0.015
(L2/L1)I 1.349± 0.008 1.169 ± 0.013 0.827± 0.016 2.370± 0.009
(L2/L1)K 1.620
b 1.572d 0.810b 2.925d
x1,V - 0.873 ± 0.116 - 0.764± 0.100
x2,V - 0.874 ± 0.106 - 0.873± 0.048
x1,I - 0.461 ± 0.050 - 0.597± 0.070
x2,I - 0.425 ± 0.045 - 0.562± 0.030
l3,V 0.005± 0.018 0 0 0
l3,I 0.043± 0.017 0 0 0
l3,K 0.043
c 0 0 0
Derived quantities
Porb (days) 102.8340 ± 0.0003 185.1076 ± 0.0017 634.777 ± 0.009 120.4084 ± 0.0009
a (R⊙) 163.69± 0.47 282.76 ± 0.45 464.86 ± 1.90 158.17± 0.40
K1 (km s−1) 41.03 ± 0.20 37.96± 0.08 18.48± 0.11 32.54 ± 0.12
K2 (km s−1) 39.44 ± 0.12 37.85± 0.09 18.54± 0.10 33.42 ± 0.11
rms1 (km s−1) 0.84 0.52 0.44 0.56
rms2 (km s−1) 0.52 0.57 0.42 0.51
(r1 + r2) 0.2551 0.3926 0.1775 0.4516
k = r2/r1 1.3332 1.3642 0.8961 1.808
(j2/j1)V 0.678 0.499 1.044 0.593
(j2/j1)I 0.759 0.628 1.029 0.725
a Simultaneous solution of V-band and I-band light curves together with radial velocity curves of both compo-
nents. Uncertainties quoted are the standard errors from Differential Corrections subroutine.
b Extrapolated from the WD model
c Assumed
d The resulting light ratio assuming the same distance to both stars
Table 9
Physical Properties of the SMC Eclipsing Binaries
Propertya,b SMC101.8 14077 SMC108.1 14904 SMC126.1 210 SMC130.5 4296
Primary Secondary Primary Secondary Primary Secondary Primary Secondary
Spectral Type G0 III G4 III F9 II G7 II K2 III K1 III G7 III K1 III
V (mag) 18.041 ± 0.013 17.838 ± 0.013 15.918 ± 0.010 15.999 ± 0.010 17.432 ± 0.011 17.624 ± 0.011 17.954 ± 0.014 17.235 ± 0.012
V −I (mag) 0.825± 0.016 0.947± 0.016 0.835± 0.014 1.086± 0.014 1.256± 0.015 1.241± 0.015 1.058 ± 0.017 1.276 ± 0.016
V −K (mag) 1.828± 0.020 2.149± 0.020 1.839± 0.018 2.411± 0.018 2.916± 0.017 2.879± 0.017 2.432 ± 0.022 2.878 ± 0.020
J−K (mag) 0.481± 0.025 0.575± 0.025 0.536± 0.021 0.662± 0.021 0.846± 0.024 0.836± 0.024 0.765 ± 0.027 0.852 ± 0.025
Mass (M⊙) 2.725± 0.034 2.835± 0.055 4.416± 0.041 4.429± 0.037 1.674± 0.037 1.669± 0.039 1.854 ± 0.025 1.805 ± 0.027
Radius (R⊙) 17.90 ± 0.50 23.86± 0.31 46.95± 0.53 64.05± 0.50 43.52± 1.02 39.00± 0.98 25.44± 0.25 46.00± 0.35
log g (cgs) 2.368± 0.029 2.136± 0.019 1.740± 0.014 1.472± 0.010 1.385± 0.029 1.479± 0.031 1.895 ± 0.014 1.369 ± 0.013
Teff (K) 5580 ± 95 5170 ± 90 5675 ± 105 4955 ± 90 4480 ± 70 4510 ± 70 4912 ± 80 4515 ± 75
Luminosity (L⊙) 280 ± 34 365 ± 35 2055 ± 200 2220 ± 195 685± 74 565± 63 338± 28 790± 65
Mbol (mag) −1.38 −1.67 −3.54 −3.63 −2.35 −2.14 −1.57 −2.50
MV (mag) −1.24 −1.44 −3.42 −3.34 −1.81 −1.62 −1.26 −1.98
[Fe/H] (dex) - −1.01 −0.95 −0.64 −0.94 −0.79 −0.77 −0.99
E(B−V ) (mag) 0.067± 0.020 0.093± 0.020 0.080± 0.020 0.079 ± 0.020
a Absolute dimensions were calculated assuming: G = 6.673 · 10−8 cm3g−1s−2, R⊙ = 695600 km, M⊙ = 1.9888 · 10
33 g, Teff,⊙ = 5777 K, Mbol,⊙ = +4.75.
b The magnitudes and colors are observed values.
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Figure 6. The close-up of the eclipses of individual eclipsing binaries in the SMC. Continuous red line is a best-fit model from the WD
program, vertical dashed lines mark times of mid-eclipse.
 57
 58
 59
 60
 61
 62
 63
 64
 65
 66
 67
 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
D
is
ta
nc
e 
(kp
c)
RA (hours)
SMC113.3
SMC108.1
SMC101.8
SMC126.1
SMC130.5
D = 62.10 +/- 0.72 kpc
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Graczyk (2003) who used only the photometric data from
the second phase of the OGLE project (Udalski et al.
1998) without any spectroscopic observations. A com-
parison of the photometric parameters presented in our
Table 8 and in Table 2 from Graczyk (2003) shows very
similar model solutions with the only difference result-
ing from our inclusion of a contribution from third light.
This results in different measured orbital inclinations.
Although the stellar mass estimate in Graczyk (2003)
seems to be too low (see Tab. 3 in that paper), the stel-
lar radii, temperatures and luminosities show good agree-
ment.
4.2. SMC108.1 14904
The system contains the most luminous and massive
late type giants in the Magellanic Clouds analyzed by
our team. The system was analyzed before by Graczyk
(2003) using data from OGLE-II. As in the case of
SMC101.8 14077, our photometric solution is almost
identical with that reported by Graczyk (2003), but a
difference appears in the absolute dimensions which are
significantly underestimated in the previous study. The
results of our preliminary work on this system, reported
by Graczyk et al. (2013), are not significantly different
from those reported in this paper, and based on more
extensive observational data we refine the previous dis-
tance estimate to this binary.
An interesting feature of this system is the differ-
ence of the center-of-mass radial velocities between the
components. The hotter primary has systematically
blueshifted radial velocities with respect to the sec-
ondary star amounting to 0.78 km s−1 - see Fig. 3 in
Graczyk et al. (2013). We accounted for this effect by
subtracting the difference and solving the radial veloci-
ties equating the systemic velocity of the secondary with
the barycenter velocity of the system. Some possible
reasons for the difference are discussed in Torres et al.
(2009) for Capella, a physically similar but lower mass
10
SMC101.8
Figure 8. Reduced χ2 maps from the Monte Carlo simulations. We calculated about 30 thousand models for each eclipsing binary using
the WD code to investigate the dependence of the distance on the model parameters. The horizontal lines correspond to 1σ, 2σ and 3σ
confidence intervals in the distance modulus.
binary system.
Another irregularity is a discrepancy between the tem-
perature ratio T2/T1 as obtained from the analysis of the
atmospheric parameters (see Section 3.4 and Table 5)
compared to that arising from the light curve analysis
(Table 8). The light curve solution and the spectroscopic
light ratios suggest a temperature difference of about
∆T = 720 K, while the atmospheric analysis suggests a
difference of ∆T = 150 K. We repeated the atmospheric
analysis by fixing the gravities of both stars to reliable
values obtained from the dynamical solution reported in
Table 9. However, we obtained the same small difference
of the effective temperatures. We also performed addi-
tional analysis by forcing the same metallicity for both
components. However, the difference in effective tem-
peratures do not vary again. Probably the problem with
this system is the low S/N of the spectrum of the sec-
ondary star. While the primary has a nice spectrum and
by consequence the parameters are well established, for
the secondary both Teff and vt are uncertain, and by
consequence the metallicity. It is worth noting that the
mean temperature of the system (T1 + T2)/2 = 5275 K
obtained from the atmospheric analysis is the same as
the mean temperature calculated from color calibrations
(i.e. 5315 K) to within the errors.
4.3. SMC126.1 210
This system contains two stars with very similar
masses and surface temperatures but with quite differ-
ent radii. It is the only eccentric system in our sample.
The system is very well-detached with no proximity ef-
fects visible in the light curve, not surprising given its
long orbital period. The best solution is found for a log-
arithmic law of limb darkening, a marginal improvement
to that found using a linear law of limb darkening.
An analysis of the broadening of the absorption lines
provides an estimate of the ratio of the projected rota-
tional velocities, v1/v2 ≈ 1.1. This value is consistent
with the ratio of the radii and signifies similar periods of
rotation for the components (tidal locking of both stars),
in spite of their relatively large separation.
4.4. SMC130.5 4296
This is only system in our sample with total eclipses.
This allows us to determine the stellar radii with a preci-
sion of better than 1% for both components. This eclips-
ing binary shows quite large proximity effects because of
the relatively large secondary component. An interest-
ing feature is the reversed luminosity ratio of the com-
ponents: the less massive secondary seems to be more
evolved and much brighter than the hotter primary com-
ponent. Taking into account the relative proximity of the
stars, we cannot exclude that there has been an episode of
mass transfer in the system when the present secondary
star filled its Roche-lobe as it evolved along the red giant
11
branch. The present system is detached, and such past
mass exchange does not influence our distance determi-
nation.
5. DISTANCE DETERMINATION
Distance estimates were derived by employing a cali-
bration of the relation between V -band surface bright-
ness and the V −K color by di Benedetto (2005). This
relation (SBR) was derived from precision measure-
ments of the angular diameters of a sample of giant and
dwarf stars using interferometry. The individual dis-
tances were calculated according to equations 4 and 5
in Graczyk et al. (2012) and the results are summarized
in Table 10. The resulting distance modulus is the aver-
age of the measured distances of each star of an eclips-
ing binary. The differences in distance moduli between
the components of the same system are very small. The
largest discrepancy is 0.003 mag in the case of SMC101.8
14077. The unweighted mean distance modulus from our
four systems is (m−M)= 19.004 mag with a dispersion
of only 0.050 mag. The new systems clump quite tightly
around this value.
To derive the distance to the main body of the SMC
galaxy we combined the present estimates with the dis-
tance determination to another late type eclipsing bi-
nary published by our team (Graczyk et al. 2012). Fig-
ure 7 shows all our estimates. The system previously
analyzed - SMC113.3 4007 - is the closest one. It
lies in the north-east part of the SMC (see Fig. 1)
which is, in fact, reported as being closer to Earth than
the main body of the galaxy by a number of studies
(Matsunaga et al. 2011; Subramanian & Subramaniam
2012; Haschke et al. 2012). The unweighted and
weighted mean distance moduli from the five systems are
different by ∆m = 0.023 mag (0.66 kpc), with the for-
mer being longer. The weighted mean is dominated by
the estimate to SMC113.3 4007 which has the smallest
statistical uncertainty but is significantly off of the rest
of our sample. A final distance is estimated as follows.
We calculated the weighted mean distance modulus from
four new binaries as (m−M) = 18.998± 0.008 mag. We
then combined this result with the fifth system, obtaining
µSMC = 18.965± 0.025 mag. The statistical uncertainty
of this final estimate arises by combining the standard de-
viation of the mean (0.008 mag) and the difference ∆m
in quadrature. The resulting uncertainty is dominated
by the uncertain structure of the SMC and possible se-
lection effects. The total uncertainty must include an
additional systematic error of 0.048 mag (Section 5.1).
Our final distance estimate to the SMC is 62.1±2.0 kpc.
5.1. Error Budget
The main contributions to the statistical uncertainties
for all systems are presented in Tab. 10 (columns 3-7).
The error in the semimajor axis is given as σA and an
uncertainty of 1% in the absolute scale of the system
translates to a 0.022 mag error in the distance modu-
lus. We performed Monte Carlo simulations as described
in Pietrzyn´ski et al. (2013) for each of our binaries - see
Fig. 8. The resulting uncertainty of the distance is re-
ported in column 4. This uncertainty takes into account
the error in the determination of the relative radii, mag-
nitude disentangling, and correlations between model pa-
rameters in the WD code. The main contribution to the
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uncertainty returned by the Monte Carlo simulations is
the error in the sum of the relative radii r1+ r2. The
statistical uncertainty in the extinction was assumed to
be 0.020 mag in each case. Columns 6 and 7 give the
standard deviations of the mean brightness at maximum
light in the V- and K-band, respectively. Remaining
sources of statistical uncertainty, i.e.: model atmosphere
approximations, disentangling of individual magnitudes,
the adopted limb darkening law, contribute at a level of
0.001 mag (Graczyk et al. 2012; Pietrzyn´ski et al. 2013),
and these are insignificant in the total statistical error
budget.
The sources of systematic uncertainty in our method
are the following: the uncertainty of the empirical cal-
ibration of surface brightnesses by di Benedetto (2005)
(0.040 mag), uncertainty in the extinction (0.020 mag,
translating to a 0.010 mag error in distance), metallic-
ity dependence on the surface brightness - color relation
(0.004 mag) and zero point errors of V- and K-band pho-
tometry (0.010 mag and 0.015 mag, respectively). Com-
bining these in quadrature we obtain a systematic error
of 0.048 mag in the distance modulus of each eclipsing
binary.
6. DISCUSSION
6.1. Relative distance between the Magellanic Clouds
Sandage & Tammann (1968) used observations of clas-
sical Cepheids to unambiguously show that the Magel-
lanic Clouds have different distance moduli, correspond-
ing to a distance difference of about 11 kpc. This differ-
ence is small enough that in practice almost all methods
of distance determination can be employed simultane-
ously to both objects. In fact the relative distance be-
tween the galaxies obtained from the application of a
particular method is usually better constrained than the
individual distances determined by that method. This
is because distance determination methods are domi-
nated by systematic uncertainties which mostly cancel
out when used to obtain the distance to each galaxy with
the same observational setup and similar quality data.
In Table 11 we summarize recent determinations of dis-
tance moduli differences between the Magellanic Clouds
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Table 10
The distance moduli
ID (m−M) σA σ(MonteCarlo) σE(B−V ) σV σK σl3,K Combined error Distance
(mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (kpc)
SMC101.8 14077 19.057 0.006 0.021 0.012 0.001 0.005 0.042 0.049 64.79± 1.48
SMC108.1 14904 19.032 0.004 0.014 0.011 0.001 0.004 - 0.019 64.03± 0.55
SMC126.1 210 18.979 0.009 0.022 0.008 0.001 0.004 - 0.025 62.49± 0.74
SMC130.5 4296 18.948 0.006 0.018 0.010 0.002 0.009 - 0.023 61.60± 0.67
Note. — Distance moduli determinations to individual targets together with an error budget. The errors quoted are only statistical
uncertainties. Each measurement has additional an systematic uncertainty equal to 0.048 mag.
Table 11
Distance modulus differences
Method ∆µ (mag) Reference
Tip of RGB 0.44± 0.05 Cioni et al. (2000)
Cepheids 0.50± 0.10 Groenewegen (2000)
Quattuora 0.50± 0.05 Udalski (2000)
Red Clump 0.47± 0.02 Pietrzynski et al. (2003)
Tip of RGB 0.50± 0.03 Pietrzynski et al. (2003)
Tip of RGB 0.40± 0.12 Sakai et al. (2004)
RR Lyrae 0.39± 0.04 Szewczyk et al. (2009)
Cepheids 0.44± 0.12 Bono et al. (2010)
Red Pulsators 0.41± 0.02 Tabur et al. (2010)
Type II Cepheids 0.39± 0.05 Matsunaga et al. (2011)
Cepheids 0.43± 0.05 Matsunaga et al. (2011)
IRSB Cepheids 0.47± 0.15 Storm et al. (2011)
RR Lyr 0.61± 0.20 Kapakos & Hatzidimitriou (2012)
IRSB Cepheids 0.44± 0.06 Groenewegen (2013)
FU Cepheids 0.48± 0.03 Inno et al. (2013)
FO Cepheids 0.52± 0.03 Inno et al. (2013)
Eclipsing Binariesb 0.472 ± 0.026 this paper
Note. — Recent distance moduli differences between Magellanic Clouds
based on different methods.
a Four methods: average of Red Clump, Tip of RGB, RR Lyr and classical
Cepheids
b Late type systems.
(∆µ=µSMC − µLMC) by authors who used exactly the
same method for both galaxies. Distance moduli based
on old population stars are metallicity corrected. In
the case of our method we adopted the distance modu-
lus to the LMC from Pietrzyn´ski et al. (2013), µLMC =
18.493 ± 0.006 mag. The interpretation of Table 11 is
hindered by the fact that some authors do not clearly
separate statistical and systematic uncertainties. The
average from the young ”metal rich” population con-
taining classical Cepheids and eclipsing binary systems
is ∆µ = 0.472 mag and the average from the old ”metal
poor” population is ∆µ = 0.453 mag. We summarize
these distributions in Fig. 9. The resulting distribution
is slightly bimodal with a main peak at the position of
the young population average. A gaussian fit to the dis-
tribution gives ∆µ = 0.458± 0.068 mag.
6.2. The geometrical depth of the SMC
The extended structure of the SMC in the line
of sight was suggested by Johnson (1961). Over
the last 30 years substantial evidence has been
accumulated about the intricate and extended struc-
ture of the SMC from the studies of early type
stars and HII regions (Martin et al. 1989), stel-
lar clusters (Crowl et al. 2001), classical Cepheids
(Welch et al. 1987; Groenewegen 2000; Haschke et al.
2012), RR Lyr stars (Subramanian & Subramaniam
2012; Haschke et al. 2012), red clump stars
(Gardiner & Hawkins 1991; Hatzidimitriou et al. 1993;
Subramanian & Subramaniam 2009, 2012), eclipsing
binary stars (Hilditch et al. 2005; North et al. 2010)
and red giant branch stars (Lah et al. 2005). The
north-east part of the SMC was shown to be closer to
us and have a substantial degree of complexity, and it
is reported also to have the largest geometrical depth
in line-of-sight (Subramanian & Subramaniam 2012).
The apparent difference in the distance to the eclipsing
binary SMC113.3 compared to the rest of our sample
may confirm the existence of substructure in the front
of the galaxy. We can interpret that the remaining
eclipsing binaries are part of the main body of the
galaxy.
The small dispersion in the distance moduli of our four
binaries (0.05 mag, corresponding to ∼ 1.4 kpc) may
signify a small geometrical depth of the main part of
the SMC. We can investigate this more by an analysis
of the distribution of differences in the distance moduli
(Fig. 9). The cumulative distribution has a dispersion of
0.068 mag. Because most of the systematic effects do not
influence ∆µ, and the geometrical depth of the central
part of the LMC is small (Pietrzyn´ski et al. 2013), we
can interpret this spread as an imprint of the geometrical
depth of the main part of the SMC. At a distance of
62 kpc this dispersion corresponds to a 1-σ line-of-sight
depth of 4 kpc. Haschke et al. (2012) gave a review of
recent line-of-sight depth estimates for the SMC which
we can use for a comparison. They concluded that the
1-σ line-of-sight depth is between 4 and 5 kpc for the
old population of stars (RR Lyr and red clump stars).
For the Cepheids the estimated depth is larger by up to
∼ 8 kpc, and in the case of intermediate-age clusters the
depth reaches ∼ 10 kpc.
6.3. Distance to the SMC
Graczyk et al. (2012, 2013) compiled some recent dis-
tance determinations to the SMC as reported up to
2011. Their conclusion was that the canonical value
of the distance modulus to the SMC (µSMC = 18.90
mag, (Westerlund 1997)) remained marginally consis-
tent with most recent determinations (see also Sec-
tion 6.1). However, modern determinations prefer a
slightly larger distance moduli of µSMC = 18.95 ± 0.07
mag. The inclusion of the most recent distance de-
terminations (Haschke et al. 2012; Groenewegen 2013;
Inno et al. 2013) does not affect this finding. In fact,
if we adopt our estimate of the relative distance modulus
between the Magellanic Clouds and we assume µLMC =
18.493 mag, we derive µSMC = 18.493 + 0.458 = 18.951
mag. This result remains in perfect agreement with our
13
distance modulus measured with late type eclipsing bi-
naries, and being based on a number of independent
standard candles, we advocate here its adoption as the
”canonical” distance modulus to the Small Magellanic
Cloud.
We are gratefull for financial support from Pol-
ish National Science Center grant MAESTRO
2012/06/A/ST9/00269 and the TEAM subsidy from
the Foundation for Polish Science (FNP). Support from
the BASAL Centro de Astrof´ısica y Tecnolog´ıas Afines
(CATA) PFB-06/2007 is also acknowledged. Based on
observations made with ESO 3.6m and NTT telescopes
in La Silla under programme 074.D-0318, 074.D-0505,
082.D-0499, 083.D-0549, 084.D-0591, 086.D-0078,
091,D-0469(A) and CNTAC programme CN2010B-060.
We also thank the staffs at La Silla Observatory (ESO)
and Las Campanas Observatory (Carnegie) for their
excellent support and the anonymous referee who helped
us to improve this paper.
The OGLE project has received funding from the
European Research Council under the European Com-
munity’s Seventh Framework Programme (FP7/2007-
2013)/ERC grant agreement no. 246678 to AU.
WG gratefully acknowledges the hospitality and sup-
port of Professor Ralf Bender during his sabbatical leave
at Munich Sternwarte and the Max Planck Institute for
Extraterrestrial Physics in Garching.
REFERENCES
Alonso, A., Arribas, S., & Mart´ınez-Roger, C. 1999, A&AS, 140,
261
Barnes, T. G., & Evans, D. S. 1976, MNRAS, 174, 489
Bessell, M. S., & Brett, J. M. 1988, PASP, 100, 1134
Bono, G., Caputo, F., Marconi, M., & Musella, I. 2010, ApJ, 715,
277
Carpenter, J. M., AJ, 121, 2851
Casagrande, L., Ramirez, I., Mele´ndez, J., Bessell, M., &
Asplund, M. 2010, A&A, 512, 54
Ciechanowska A., Pietrzyn´ski, G., Szewczyk, O., Gieren W., &
Soszyn´ski I. 2010, Acta Astron., 60, 233
Cioni, M.-R. L., Habing, H. J., & Israel, F. P. 2000, A&A,358, L9
Coelho, P., Barbuy, B., Mele´ndez, J., Schiavon, R. P., & Castilho,
B. V. 2005, A&A, 443, 735
Crowl, H. H., Sarajedini, A., Piatti, A. E., Geisler, D., Bica, E.,
et al. 2001, AJ, 122, 220
Dias, B., Coehlo, P., Barbuy, B., Kerber, L., & Idiart, T. 2010,
A&A, 520, 85
di Benedetto, G. P. 1998, A&A, 339, 858
di Benedetto, G. P. 2005, MNRAS, 357, 174
Flower, P. J. 1996, ApJ, 469, 355
Folsom, C. P., Kochukhov, O., Wade, G. A., Silvester, J., &
Bagnulo, S. 2010, MNRAS, 407, 2383
Gardiner, L. T., & Hawkins, M. R. S. 1991, MNRAS, 251, 174
Gieren, W., Pietrzyn´ski, G., Bresolin, F., Kudritzki R.-P.,
Minniti, D., et al. 2005 Messenger, 121, 23
Gonza´lez Herna´ndez, J. I., & Bonifacio, P. 2009, A&A, 497, 497
Graczyk, D. 2003, MNRAS, 342, 1334
Graczyk, D., Pietrzyn´ski, G., Thompson, I. B., Gieren, W.,
Pilecki, B., et al. 2012, ApJ, 750, 144
Graczyk, D., Pietrzyn´ski, G., Thompson, I. B., Gieren, W.,
Pilecki, B., et al. 2013, Advancing the Physics of Cosmic
Distances, IAU Symposium, 289, 222
Groenewegen, M. A. T. 2000, A&A, 363, 901
Groenewegen, M. A. T. 2013, A&A, 550, 70
Hatzidimitriou, D., Cannon, R. D., & Hawkins, M. R. S. 1993,
MNRAS, 261, 873
Haschke, R., Grebel, E. K., & Duffau, S. 2011, AJ, 141, 158
Haschke, R., Grebel, E. K., & Duffau, S. 2012, AJ, 144, 107
Hilditch, R. W., Howarth, I. D., & Harries, T. J. 2005, MNRAS,
357, 304
Houdashelt, M. L., Bell, R. A., & Sweigert, A, V. 2000, AJ, 119,
1448
Inno, L., Matsunaga, N., Bono, G., et al. 2013, ApJ, 764, 84
Johnson, H. M. 1961, PASP, 73, 20
Kapakos, E., & Hatzidimitriou, D. 2012, MNRAS, 426, 2063
Kervella, P., The´venin, F., Di Folco, E., & Se´gransan, D. 2004,
A&A, 426, 297
Klinglesmith, D. A., & Sobieski, S. 1970, AJ, 75, 175
Kurucz, R. L. 1970, Atlas: A Computer Program for Calculating
Model Stellar Atmospheres, SAO Special Report, 309
Lacy, C. H. 1977, ApJ, 213, 458
Lah, P., Kiss, L. L., & Bedding, T. R. 2005, MNRAS, 359, L42
Marino, A. F., Villanova, S., Piotto, G., Milone A. P., Momany,
Y., et al. 2008, A&A, 490, 625
Martin, N., Maurice, E., & Lequeux, J. 1989, A&A, 215, 219
Masana, E., Jordi, C., & Ribas, I. 2006, A&A, 450, 735
Matsunaga, N., Feast, M. W., & Soszyn´ski, I. 2011, MNRAS, 413,
223
North, P., Gauderon, R., Barblan, F., & Royer, F. 2010, A&A,
520, 74
Pietrzyn´ski, G., Gieren, W., & Udalski, A. 2003, 125, 2494
Pietrzyn´ski, G., Thompson, I. B., Graczyk, D., Gieren, W.,
Udalski, A., Szewczyk, O., Minniti, D., Ko laczkowski, Z.,
Bresolin, F., & Kudritzki, R. 2009, ApJ, 697, 862
Pietrzyn´ski, G., Thompson, I. B., Gieren, W., Graczyk, D., Bono,
G., et al., 2010, Nature, 468, 542
Pietrzyn´ski, G., Graczyk, D., Gieren, W., Thompson, I. B.,
Pilecki, B., et al., 2013, Nature, 495, 76
Pilecki, B., Konorski, P., & Go´rski, M. 2012, From Interacting
Binaries to Exoplanets, IAU Symposium, 282, 301
Pilecki, B., Graczyk, D., Pietrzyn´ski, G., Gieren, W., Thompson,
I. B., et al., 2013, to appear in MNRAS, arXiv:1308.5023
Ramı´rez, I., & Mele´ndez, J. 2005, ApJ, 626, 465
Rucinski, S. M. 1992, AJ, 104, 1968
Rucinski, S. M. 1999, in Precise Stellar Radial Velocities, ASP
Conference Series 185, IAU Colloquium 170, ed. J. B.
Hearnshaw & C. D. Scarfe, 82
Sandage, A., & Tammann, G. A. 1968, ApJ, 151, 531
Sakai, S., Ferrarese, L., Kennicutt, R. C., & Saha, A. 2004, ApJ,
608, 42
Schlegel, D. J., Finkbeiner, D. P., Davis, M. 1998, ApJ, 500, 525
Sneden, C. 1973, ApJ, 184, 839
Soszyn´ski, I., Udalski, A., Poleski, R., Koz lowski, S.,
Wyrzykowski,  L., et al. 2012, Acta Astron., 62, 219
Storm, J., Gieren, W., Fouque´, P., et al. 2011, A&A, 534, 95
Subramanian, S., & Subramaniam, A. 2009, A&A, 496, 399
Subramanian, S., & Subramaniam, A. 2012, ApJ, 744, 128
Szewczyk, O., Pietrzyn´ski, G., Gieren, W., Ciechanowska, A.,
Bresolin, F., & Kudritzki, R. 2009, AJ, 138, 1661
Tabur, V., Bedding, T. R., Kiss, L. L., Giles, T., Derekas, A., &
Moon, T. T. 2010, MNRAS, 409, 777
Torres, G., Claret, A., & Young, P. A. 2009, ApJ, 700, 1349
Udalski, A. 2000, Acta Astron., 50, 279
Udalski, A. 2003, Acta Astron., 53, 291
Udalski, A., Kubiak, M., & Szyman´ski, M. 1997, Acta Astron.,
53, 291
Udalski, A., Soszyn´ski, I., Szyman´ski, M., Kubiak, M.,
Pietrzyn´ski, G., Woz´niak, P., & Z˙ebrun´, K. 1998, Acta Astron.,
48, 563
van Hamme, W. 1993, AJ, 106, 2096
van Hamme, W., & Wilson, R. E. 2007, ApJ, 661, 1129
Villanova, S., Geisler, D., & Piotto, G. 2010, ApJ, 722, 18
Welch, D. L., McLaren, R. A., Madore, B. F., & McAlary, Ch. W.
1987, ApJ, 321, 162
Westerlund, B. E. 1997, ”The Magellanic Clouds”, Cambridge
Astrophysics Series 29, Cambridge University Press
Wilson, R. E., & Devinney, E. J. 1971, ApJ, 166, 605
Wilson, R. E. 1979, ApJ, 234, 1054
Wilson, R. E. 1990, ApJ, 356, 613
Worthey, G. & Lee, H. 2011, ApJS, 193, 1
Woz´niak, P. R. 2000, Acta Astron., 50, 421
Wyithe, J. S. B., & Wilson, R. E. 2001, ApJ, 559, 260
Wyrzykowski, L., Udalski, A., Kubiak, M., Szyman´ski, M.,
Z˙ebrun´, K., et al. 2004, Acta Astron., 54, 1
